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The ureide of L-valine isopropyl ester has been shown by Feibush and Gil-Av (1) to be a useful stationar y phase for the gas chromatog raphic resolutio n of enantiome rs of a variety of secondary amine derivative s. The postulated separation mechanism was based on the formation of diastereoi someric associatio n complexes between the solute and solvent that had different stabiliti es.
Feibush and Gil-Av (1) worked. exclusivel y with trifluoroa cetyl (N-TFA) derivativ es of amines and at only one temperatu re,which was slightly above the melting point of the ureide.
We have successfu lly repeated many of Feibush and Gil-Av's (1) results with the liquid phase. In addition, the solid ureide has been shown to be a good adsorbent for the separatio ns.
Relative changes in the separation factor, CY, abbve and below the melting point of the stationar y phase have been studied for several sorbates. Factors affecting the separatio n on the solid ureide, such as temperatu re, percentag e loading of the column, polar contamina nts,-samp le size, column-wa ll material, and flow rate, have been studied. Also, the relative advantage s of pentafluoropropionyl (N-PFP) and heptafluorobutyryl (N-HFB) amine derivativ es have been evaluated .
EXPERIMENTA L Reagents. The ureide ef L-valine isopropyl ester ( Miles Laboratories
Elkhart, Indiana) was used as the stationary phase throughout this study and shall be referred to simply as the ureide. The 2-aminohexane, 3-aminohexane, 3 -methylcydlohexy lamine, pentafluoro propionic anhydride and heptafluorobutyric anhydride reagents were purchased from K and. K Laboratories, Plainview, N. Y. The 2-aminoheptane, 2-amino-3,3-dimethylbutane, and trifluoroacetic anbydride were obtained from Aldrich Chemical Co., Milwaukee, Wisconsin and the a-methylbenzylami ne from Eastman Organic Chemicals,
The solutions used to coat the open tubular columns were prepared by the weight/volume formula given by Ettre (2) using dry ether as a solvent. All gases were dried with 5A molecular sieve traps at ambient temperature.
The fluorinated amine derivatives were prepared by reacting one equivalent of the amine with two equivalents of the anhydride in stirred dichloromethane at 0' C for one hour. The dichloromethane was removed under vacuum and the residue treated with ice water. The derivative was then separated by filt'ration or by a separatory funnel, depending on whether it was a solid or liquid, and the product recrystallized from ethanol by precipitation with ice water. All derivatives were then carefully dried. Solid samples were air dried by placing them between two pieces of filter paper for 24 hours and then storing them in a desicator over Drierite. Liquid samples were dried by the addition of 5A molecular sieve pellets. As a check, the identity and purity of N-TFA -2-aminoheptane were verified by microanalysis. The heptyl derivative, prepared by the above method, was found to be at least 95% pure.
Melting points, taken with a Fisher -Johns apparatus, of amine derivatives were: N-TFA-2-aminohexane-28*C, N-TFA-2-aminoheptane-29'C, N-TFA-3-aminohexane-32-35'C, N-TFA-2-amino-3,3-dimethylbutane-69-70°C, N-TFA-3-methylcyclohexylamine-59-60'C, and N-TFA-a-methylbenzylamine-65-66'C. N-PFP-2-aminohexane and N-HFB-2-aminohexane-were liquids at room temperature.
Compounds exhibited boiling points in the range of 150'C to 200'C, and they remained completely stable during storage for several months.
Apparatus. The Aerograph 660 gas chromatograph was equinned with a Hamilton inlet splitter, and it was modified to minimize the dead volume in the system. The chromatograph was operated at a detector t temperature of 180'C, an injection-por t temperature of 2000C and a flow rate of 1-ml/min of nitrogen, unless otherwise stated. An Esterline-Angus Speed Servo recorder was used to record the data. A planimeter was used for determination s of Deak areas.
Stainless steel, Pyrex and soft glass capillary columns were used.
Glass columns were prepared from sections of tubing using a glass drawing machine obtained from Hupe Apparatebau, Karlsruhe, Germany.
Prior to drawing, each section of glass tubing was cleaned with successive 15-ml portions of pentane, dichloromethan e, and acetone. The The columns were coated by the plug method,using a microelectrolytic cell described by Kaiser (3) . The plugs were forced to move downward through the columns at a rate of approximately 2 cm/sec. Then, using a flow rate of 0.25 ml/min of nitrogen, the columns were dried at room temperature for two hours and then conditianed for approximately two hours with gradual heating to the working temverature.
Capacity ratios, k, were calculated from the formula 
... Similarly, a straight-chain side-group produced a significantly greater a on the solid than did a saturated cyclic groun. However, in this case, the effect was also observed with the liquid phase.
The reason for the decrease in a with an increase in assymetry was puzzling because the opposite has been observed in other systems (4).
Perhaps the steric hindrance had become so great in these cases that the hydrogen bonds necessary for selective interaction were now comparatively weak. It was interesting to find that the benzylamine derivative produced the largest a yet measured on both the solid and liquid ureide phases. Its relative change in a was much greater than for 6. 9 the correspondink saturated ring compound. Adparently, the orientation of the aromatic ring was such that it produced a vety large differential steric ihteraction. Also, due to its planar configiiration it was probably better able to ;'lie down" on and interact with 'the solid surface. The pi-electrdh system undoubtedly provided an additional source of bonding inter'action.
Effect of Column Loading, Table III shows that there was a significant column-loading effect on the a values of the enantiomers of N-TFA-2-aminoheptane using the solid ureide. The same trend was observed for all other amine derivatives. However, using the liquid phase, a stayed constant with loading, within experimetnal error.
The k values continued to increase for the solid as well as for the liquid phase as the loading increased, indicating that the available surface area of solid was increasing and that the surface was probably rough.
Effect of Temperature. Table IV were not only larger for the N-PFP derivative, but they increased faster as the temperature was lowered. Thus 8(Ag°) was sensitive to temperature, and the degree of sensitivity differed between compounds.
The ureide phase showed a significant supercooling effect. After having been melted, the phase required a low temperature, i.e., 70'C Likewihe, resolution for HFB derivatives actually got worse relative to a TFA derivative inspite of a larger a, again, because the second peak was correspondingly broader. Thus, on one column, for which the R values were available for all three 2-aminohexane derivatives, the solid ureide gave 1.24, 1.28, and 1.06 for the TFA, PFP and HFB derivatives respectively, and for the liquid ureide, 1.23, 1.14, and 1.18.
The last three values agree within the limits of error for determining resolution. Hence, the PFP derivative would offer a slight advantage when working with the liquid ureide because both peaks would be eluted sooner while the resolution would be maintained.
Effect of Sample Size. Table Y indicates that a values for the solid showed a significant decrease only at very large sample sizes which were roughly one hundred times normal. As expected, however, the resolution decreased steadily with increasing sample size, the decrease being larger for the more lightly coated columns. Hence, the solid shows promise for small-scale preparative work if coated heavily on a Sunvort for use in a conventional packed column.
Effect of polar Contaminants. Samples containing 10 mg of solute in 1 ml of solvent were used in this study. The a values become smaller because, although the time difference between the two peaks remained essentially constant, both peaks were retained longer. One, therefore, observed the result of a combination of two chromatographic interactions, one of which was selective and the other, non-selective.
Even dichloromethane showed a similar effect but to a much lesser degree. It was shown, using a solid sampling syringe, that n-pentane in quantities of less than 0.01 ul per injection(after the splitter) did not influence the "true" enantiomeric separation to a significant degree.
The fact that the two curves on the 40% column did not extrapolate to the same point suggested that even very small amounts of dichloromethane may have led to a very significant decrease in a.
These results emphasize the need to free all gases entering the column from polar contaminants so as to insure maximum a values and reproducibilities. Also, if a polar solvent were used, the results use Or storage. In fact, Pyrex columns, which had been stored for several weeks, showed the same a and R values as when they had first been prepared. Pyrex columns also remained stable with use at 150°C
and could be returned to 120'C with little change in observed resolution.
In contrast, soft glass columns did not show good stability.
Early attempts to reporduce Feibush and Gil-Av's (1) work using soft glass columns resulted in a rapid loss of efficiency and a slow decrease in a. In addition, as evidenced by smaller initial k values, these columns retained a smaller quantity of ureide during the coating process than did Pyrex coated in an i dentical manner. Apparently, the liquid ureide phase did not wet the walls well, and it tended to flow into droplets that resulted in the loss of efficiency (5) . Furthermore, because of the single peaks that resulted after use were relatively narrow, the loss in k and a'on the soft glass columns was most-likely due to slow racemization and/or decomposition of the ureide phase.
A stainless teel column, coated in an identical manner, showed a gradual reduction in efficiency with time. However, the rate of loss was less than that shown by a soft glass column. The value of a remained constant within experimental error over a span of eight hours.
The largest difference shown by the'stainless steel column was its Effect of Flow Rate. Figure 3 shows that the liquid phase was much more efficient than the solid phase. Nevertheless, the large increase in a that was observed for the solid more than compensated for the lower efficiency.
DISCUSSION
Several important differences in partitioning behavior between the solid and liquid ureide phases have klready been discussed. Another difference, which we have encountered almost universally, is the relatively broad peak for the more strongly retained enantiomer. Ordinarily, one would not expect compounds as similar as enantiomers to show such marked differences in behavior even though the greater free energy of adsorption for the second compound would be expected to accentuate differences in energies of surface sites.
Prodf that the behavior shown in Figure 1 is typical of enantiomers (rather than an impurity) could have been obtained in two ways.
First, one could have separated enough of one of the enantiomeric amines to measure its optical rotation. However, such a procedure would be very tedious. As an alternative one could start with a pure (or enriched) enantiomer and show that it corresponded with a particular peak in a racemic mixture. The latter approach was easier to do because pure enantiomers of amino acids are available.
In the present study the N-TFA derivative of the isopropyl ester of alanine was used. Three preparations involving D-alanine, L-alanine, 14 and a racemic mixture (which had been shown by mass spectroscopy and NMR to be free of other compounds) were chromatographe d at 100'C where the ureide was a solid. The derivative of each pure enantiomer gave a single peak which corresponded exactly in retention time and peak shape with the corresponding peaks for the preparation involving the racemic mixture. Furthermore, for tw6 peaks of equal area, the more strongly retained Irisomer gave a peak 1.9 times wider than did the D-
isomer. In addition, other behavior was closely similar to that shown by the amines. First, the a on the liquid was 1.07 whereas the a on the solid was much larger and was a function of loading: 1.21 for 20% and 1.35 for 40%. Second, the retention times on the liquid in a given column were 15 times longer than on the solid while the resolution was nearly the same. Such separation behavior indicates the superiority of the solid ureide not only for amine derivatives but also for aminoacid derivatives.
The precise reason for the enhancement of a on the solid phase was unclear. Karger et al (6) have shown, in a diastereoisomer system, that, as the molecule of solute was made more rigid through structural modifications, the a values increased. Similarly, the loss of extent of movement on going from a liquid to a solid stationary phase may have resulted in more nearly fixed (and, in these cases, more favorable) geometry for interaction.
A thermodynamic study was attempted in order to elucidate the nature of the two separation processes. Certain large differences were evident using both N-TFA and N-PFP-2-aminohexane. The results appear in Table VIII .
It was evident that the larger.a values on the solid phase were due pri- In summary, the fastest separations of the enantiomers of derivatives of secohdary amines and * amino acids were achieved on heavilyloaded, Pyrex columns at a temperature just below the melting point of the ureide. Low flow rates, very volatile non-polar solvents, and small samples gave the best results. Exposure to polar solvents or polar contaminants in the gas stream should be minimized.
-. ,7 9.4 k Amount of racemic amine derivative that actually entered the column.
S Due to overlap of peaks, a reliable value could not be obtained. a Time elapsed after inj ection of the "poisoning agent" on the column.
b Measurements made immediately after injection of the "poisoning agent".
S ki and k2 are the respective capacity ratios 02 the enantiomers. f.-2,2,1,
